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Voltage source converter is used in power systems for connecting a renewable en-
ergy source to an AC grid or as an active front-end rectifiers in AC motor drives.
When the conventional control methods (vector control and power-angle control)
are used to control a converter that is connected to a weak grid, the performance
of the resulting system is degraded. High power demands degrade the quality of
the transferred power and can even make the system unstable. A relatively new
control scheme known as power-synchronization control is introduced to rectify
the problem. The scheme keeps the system stable under weak-grid conditions but
the damping for strong grids is compromised. The scheme needs to switch to a
back-up vector control during fault conditions. This violates the initial motiva-
tion of developing a new control scheme. This thesis identifies the root causes
of the stability problems in vector control when connected to weak grids. The
state-of-the-art vector control scheme is used as a starting point. The role of the
phase-locked loop and AC-voltage controller in the stability of the system is ex-
plored. Two novel modifications in the vector control scheme are presented. The
converter-voltage reference or the measured converter voltage is used as a feed-
back to modify the active and reactive power references. The modifications ensure
improved performance of vector control for weak grids. Better damping and faster
dynamic response are obtained as compared to power-synchronization control and
conventional vector control. The benchmark performance of the standard vector
control for strong grids is not compromised by these modifications. The dynamic
performance and robustness of the control schemes are tested and compared using
time domain simulations.
Keywords: Converter-voltage feedback, current control, grid-connected con-
verter, L filter, phase-locked loop, power-synchronization control,
short-circuit ratio, vector control, weak grid.
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Symbols and abbreviations
Symbols
Boldface letters represent the vectors. The magnitude of the vectors are denoted by
plain italic letters.
Cdc DC-link capacitor
dabc Duty ratios
e Internal generated voltage of a synchronous machine
eg Grid voltage
ia Stator current of a synchronous machine
H High-pass filter transfer function for modified vector control
Hhp High-pass filter transfer function for PSC
Hlp Low-pass filter transfer function for PCC voltage measurement
ic Converter current
J Inertia of a rotor shaft
kdc DC-link controller gain
kii Integral gain of the current controller
kpi Proportional gain of the current controller
Kh High-pass filter gain
Kp Integral gain of APC
L Sum of filter and grid inductance
La Stator inductance of a synchronous machine
Lc Filter inductance
Lg Grid inductance
Lt Sum of line and stator inductance of a synchronous machine
P Active power transferred between two systems
Pdc DC-source power
Pdc,N Rated power of the DC bus
qabc State of converter switches
Q Reactive power transferred between two systems
r Active damping resistance of the current controller
R Active damping resistance of PSC
Ra Stator resistance of a synchronous machine
Sac Short-circuit power of an AC system
Te Electromagnetic torque
Tm Mechanical torque on a rotor shaft
vii
u Converter voltage magnitude in PSC
uaN Converter pole voltage
uc Converter voltage
udc DC-link voltage
ug PCC voltage
Wdc Energy stored in the DC bus
Yg Plant transfer function
αc Current controller bandwidth
αh Bandwidth of the high-pass filter H
δ Phase difference between the converter and the grid voltage
ωc Low-pass filter bandwidth
ωb High-pass filter bandwidth
ωe Nominal electrical angular frequency of a synchronous machine
ωm Angular frequency of a rotor
ωN Nominal angular frequency of a grid
ωg Angular frequency of a grid
ωˆg Estimated angular frequency of a grid
ωPLL Output angular frequency of the PLL in PSC
θ Phase angle of the converter voltage
θe Phase difference between the voltages of a synchronous machine
θg Grid voltage angle
θˆg Estimated grid voltage angle
Abbreviations
APC Active-power controller of PSC
LPF Low-pass filter
PCC Point of common coupling
PLL Phase-locked loop
PWM Pulse-width modulation
PSC Power-synchronization control
SCR Short-circuit ratio
SM Synchronous machine
VSC Voltage source converter
VSM Virtual synchronous machine
1 Introduction
Due to the increased prices, scarcity and environmental affects of fossil fuels, power
sector is replacing conventional power plants with renewable energy sources [1].
It is not always cost effective or reliable to transmit power to remote areas from
centralized generation units. So, a distributed generation is preferred [2]. Often,
a distributed generation is based on renewable energy sources. The use of wind
turbines and solar photo-voltaic panels to generate electricity is common nowadays.
The output of a renewable source is usually not feasible to be directly connected to a
power grid. Since the output of a solar panel is DC, a DC to AC converter is needed
between the panels and the grid. The output frequency of wind turbines varies from
time to time due to intermittent nature of wind. The output of a wind turbine is
first converted to DC and then to AC of a desired frequency, before connecting it to
a grid. A grid converter is used to convert DC to AC or vice verse. The control of
this converter is a challenging and developing field.
Voltage source converter (VSC) is a common choice of converter in power systems.
There are some challenges in using a converter with a weak AC grid [3], [4]. Wind
turbines are usually located in remote areas where the transmission and distribution
grids are weak. Also, the major portion of solar photo-voltaic generation is connected
at the distribution level where the grids are weak. The weak grid is defined as a grid
with the short-circuit ratio (SCR) < 3 according to IEEE standard 1204-1997 [5].
SCR is the ratio of the maximum (short-circuit) apparent power of the grid to the
rated power of the interconnecting generator.
There are two basic control schemes used for a VSC: 1) power-angle control [6]; 2)
vector current control [7]. Power-angle control is simply a scalar control scheme.
The active power is controlled by controlling the phase-angle shift between the grid
voltage and the output voltage. The reactive power is controlled by controlling
the magnitude of the output voltage. A phase-locked loop (PLL) is needed to
synchronize a converter to a grid. There are some disadvantages of using this scheme:
1) it cannot limit the valve current which can trip the converter; 2) a PLL is required
which can cause stability issues in weak grids [8].
2Vector current control is a popular control scheme for variable speed drives. Due
to its successful implementation in motor drives, it is a preferable choice for grid
converters. The active and reactive power is controlled using current components.
Hence, limiting the current is very easy and inherent. This protects the inverter
from tripping due to over-currents under fault conditions. Vector control is able to
support the grid under fault conditions.
Vector control does not utilize a VSC to its full potential under weak-grid conditions
[22, 24]. If no AC-voltage controller is used, vector-controlled converter can only
transfer up to 0.6 p.u of the power for SCR = 1 [9]. Another difficulty in using vector
control is that it uses a PLL to estimate the phase angle of the grid voltage. Studies
have shown that the PLL affects the performance and stability of the system [8].
To solve the above mentioned problems, many new control schemes have been in-
troduced in the literature [10–12]. Most of these control schemes aim to mimic
the operation of a synchronous machine without using a PLL. In [11], one such
notable control scheme known as the power-synchronization control has been pre-
sented. The mechanical dynamics of a synchronous machine are emulated in the
control structure. PSC synchronizes a converter with a grid using an active power
transfer technique. So there is no limitation on the SCR of the grid, i.e., a converter
can be connected to either a strong or weak grid [13–15].
The PSC scheme is similar to the power-angle control scheme in which the active
power is controlled by the phase angle and the reactive power is controlled by ad-
justing the converter voltage magnitude. The difference is that PSC does not use a
PLL to synchronize its output to the grid voltage. So, the stability problems related
to the PLL are eliminated. Although other problems such as an over-current pro-
tection can also be dealt with, by switching the control from PSC to vector control
in the case of faults, it makes the implementation very complex
This thesis analyzes the performance of a converter using two state-of-the-art control
schemes, i.e., vector control and PSC. An L filter is used between the converter
and the grid to suppress the harmonics generated by the converter. The schemes
are tested for strong and weak-grid conditions. The analysis is carried out for a
normal grid operation without any fault conditions. The objective of this thesis is
to compare and identify the scheme that works best for all grid strengths without
re-tuning any controller.
The thesis consists of six sections. Section 2 introduces the grid converter equipped
with an L filter. Section 3 introduces and explains the state-of-the-art control
schemes for grid converters, problems faced under weak-grid conditions and their
solutions. Two novel modified vector control schemes are introduced with the fo-
cus on performance in weak grids. Section 4 discusses the tuning and parameters
selection of the controllers. Section 5 presents the simulation results of the control
schemes introduced in Section 3 and compares them. In Section 6, the thesis is
concluded based on the results in Section 5 and probable future extension of the
work.
2 Grid Converter With an L Filter
In this section, the basic concepts of the topic are introduced. A system model is
presented which is needed for testing the control schemes. The performance of a
converter depends on the characteristics of the grid and the type of a filter used with
the converter. A brief description of the synchronization in synchronous machines
is also discussed at the end.
2.1 System Model
In Fig. 2.1, a two-level three-phase VSC connected to the grid is shown, where udc
is the DC-link voltage and Cdc is the DC-link capacitor. A grid converter is a power
electronic device which enables bi-directional power flow between the DC bus and
the grid.
There are eight combinations of switches. The state of these switches is represented
by q. 1 means that the switch is in the upward position and 0 means that it is
in the downward position. For example, qabc=101 means that nodes ’a’ and ’c’ are
connected to the positive terminal of the DC bus and node ’b’ is connected to the
negative terminal (N) of the DC bus.
The three phase output voltages of the converter at any instant can be represented
in space vector form as
usc =
2
3
(uaN + ubNe
j 2pi
3 + ucNe
j 4pi
3 ) (2.1)
where superscript ’s’ denotes that the voltage is in stationary reference frame and
uaN = qaudc ubN = qbudc ucN = qcudc (2.2)
Eq. (2.1) can also be written as:
usc =
2
3
(qa + qbe
j 2pi
3 + qce
j 4pi
3 )udc (2.3)
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Figure 2.1: Grid converter switch model.
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Figure 2.2: Converter space vector in αβ coordinates.
The graphical representation of the space vector is shown in Fig. 2.2. The hexagon
is obtained by inserting different values of qabc which are mentioned along each vec-
tor. Two zero vectors and six non zero vectors are obtained.
Using pulse-width modulation (PWM), any voltage vector inside the hexagon can be
obtained. Multiple vectors can be used during a switching cycle to obtain the desired
averaged voltage vector. The magnitude can be reduced by using zero vectors in
between other vectors
usc =
2
3
(da + dbe
j 2pi
3 + dce
j 4pi
3 )udc (2.4)
5where dabc are the duty ratios ranging 0 . . . 1.
The circle inside the hexagon represents the region of linear modulation. The max-
imum voltage that can be achieved in the linear region is udc/
√
3. The maximum
voltage that can be achieved in the non-linear region is represented by the corners
of the hexagon, i.e., (2/3)udc. In αβ coordinates, the vectors rotate with an angular
frequency ωg. It is convenient to use Park’s transformation (or also known as dq
transformation), which is:
uc = u
s
ce
−jθg (2.5)
The dq coordinate system rotates with an angular frequency ωg. The dq coordinate
system is also known as synchronous coordinate system. Since the vectors are now
stationary in steady state, it is much easier to analyze and design the system.
The converter is connected to the grid at the point of common coupling (PCC). The
filter inductance Lc is used to reduce the voltage harmonics present in the converter
output voltage. The grid inductance Lg is the measure of the grid’s strength. The
power is transferred between the grid and the converter at the PCC.
2.2 L Filter
The output voltage of the converter is a high frequency pulse train. These pulses
are the result of the switching, used to generate the desired AC voltage from the DC
voltage. The switching frequency of the converter usually ranges from 1 kHz to 20
kHz. Higher harmonics are present at the multiples of the switching frequency. In
order to follow the IEEE-519 standard for harmonic distortion [16], it is not possible
to connect this output directly to a grid. An L or LCL filter is commonly used
between the converter and the grid, in order to remove the converter harmonics and
provide smooth sinusoidal currents to the grid. In this thesis, an L filter is used to
filter out the harmonics. The merits and demerits of both of these filter types are
out of the scope of this work.
2.3 Short-Circuit Ratio
The short-circuit ratio (SCR) is defined as the ratio of the maximum (short circuit)
apparent power of the grid to the rated power of the interconnecting generator. The
SCR is used to define the strength of the grid. Grids with small SCR are considered
weak whereas grids with high SCR are considered stiff. It is still a challenge to
design a robust converter control for weak grids. SCR can also be defined in terms
of the grid impedance. Grids with high impedance are considered weak whereas
grids with low impedance are considered strong or stiff. The weak grid is defined
6as a grid with SCR < 3 and the strong grid is defined as the grid with SCR > 5
according to the IEEE standard 1204-1997 [5]. The SCR is
SCR =
Sac
Pdc,N
(2.6)
where Sac is the short-circuit power of an AC system and Pdc,N is the rated power
of the DC bus
Sac =
u2g
ωgLg
(2.7)
To simplify the expression, the PCC voltage ug is considered to be the base value
of voltage and Pdc,N is considered to be the base value of power. If we represent the
impedance in per unit then from (2.6) and (2.7), we get
SCR =
1
ωgLg
(2.8)
since ωg is usually 1 p.u., (2.8) becomes
SCR =
1
Lg [p.u.]
(2.9)
The above equation defines the SCR as it is seen from the PCC. Sometimes, the SCR
is also defined as seen from the converter terminals. In that case, Lg is replaced by
L = Lc +Lg. In this thesis, the SCR is defined as seen from the converter terminals,
i.e.,
SCR =
1
L [p.u.]
(2.10)
2.4 Virtual Synchronous Machines
Virtual synchronous machine (VSM) is an emerging concept of controlling a grid con-
verter [10–12, 17, 18]. This control scheme emulates the operation of a synchronous
machine. The behavior of a synchronous machine can be emulated by implement-
ing a complete model or an approximate model of a synchronous machine. For
example, [11] only implements a part of swing equation and leaves out the inertial
emulation part whereas, [10] and [12] includes inertia as well. The advantage of
this scheme over conventional control methods is that its operation does not depend
upon the grid strength. This means that the performance of a control scheme is
not compromised when connected to a weak grid. Conventional schemes use a PLL
which causes stability issues in weak grids. VSM does not need a PLL to synchro-
nize with the grid. Besides this, VSM can also emulate the inertial characteristics
of a synchronous machine. The increasing amount of renewable energy generation
in power systems results in the lack of inertia. Inertia plays an important role in
the stability of power systems.
7RaLa Lg
ege
ia PCC
ug
Figure 2.3: Synchronous machine connected to a grid
There are two broad categories of control schemes among VSMs which are discussed
as follows
2.4.1 Voltage-Controlled Converters
Fig. 2.3 shows the connection of a synchronous generator to the grid, where e is the
internal generated voltage of the synchronous machine , ug is the output voltage
of the synchronous generator or the PCC voltage, La is the stator inductance, Ra
is the stator resistance, Lg is the grid inductance and eg is the grid voltage. The
voltage equation of the synchronous generator can be written in Laplace domain as
ug(s) = e(s)− (Ra + sLa)ia(s) (2.11)
The above equation can be easily implemented in the control system of a converter
to obtain a voltage-controlled VSM. The disadvantages of using this straight forward
implementation is that the control system cannot limit over currents. Additional
backup schemes are needed to implement over current protection. This can make the
implementation complex. This scheme is also known as virtual impedance control
[12].
2.4.2 Current-Controlled Converters
This control scheme implements (2.11) in an alternative way as follows
ia(s) =
1
Ra + sLa
(e (s)− ug (s)) (2.12)
The above equation determines the stator current of the synchronous machine when
the internal generated voltage and the terminal voltage are known. The above
equation can be implemented in the control of a converter to obtain the current
reference from the reference internal generated voltage and the measured terminal
voltage. This current reference is then realized by the fast inner current controller
8Lt
SM1 SM2
Tm1 Tm2
Figure 2.4: Synchronization in synchronous machines.
like in the vector control scheme. The current controller makes it very easy to limit
fault currents.
Both the voltage-controlled converters and the current-controlled converters need to
emulate the mechanical dynamics of a synchronous machine. In order to implement
the mechanical behavior of a synchronous machine, let’s first revisit the concept of
synchronization and power transfer in synchronous machines.
2.4.3 Power Transfer in Synchronous Machines
Control methods for weak grids are developed to emulate a synchronization mech-
anism used by synchronous machines (SM). In Fig. 2.4, two synchronous machines
are shown which are connected together through an inductance Lt which is the sum
of the line inductance and stator inductance of the SM. The model is considered
to be loss-less. SM1 is operating as a generator and SM2 is operating as a motor.
When two SMs are at steady state, then the power transferred from SM1 to SM2 is
given by
P =
e2e1 sin θe
ωeLt
(2.13)
where e1 and e2 are the magnitudes of the internally generated voltages of SM1
and SM2 respectively, θe is the phase difference between the two voltages and ωe
is the nominal electrical angular frequency of the system. Now assume that the
mechanical torque Tm1 on the shaft of SM1 is increased momentarily. As a result,
the mechanical angle of the rotor of SM1 advances, according to the equation
J1
dωm1
dt
= Tm1 − Te1 (2.14)
where J1 is the inertia of the rotor shaft of SM1, ωm1 is the angular speed of the
rotor and Te1 is the electromagnetic torque of the SM1. Since the internally gen-
erated voltage e1 is tightly coupled with the motion of the rotor shaft, increase in
the mechanical angle of the rotor shaft produces phase advancement in the emf e1.
The advancement in the phase of e1 increases the phase difference between the two
voltages e1 and e2. According to (2.13), the power transfer from SM1 to SM2 will
increase. This increase in power can also be seen as an increase in the electromag-
netic torque Te2 of SM2. If the mechanical load Tm2 on the shaft of SM2 is constant
9then the rotor accelerates according to the equation
J2
dωm2
dt
= Te2 − Tm2 (2.15)
where J2 is the inertia of the rotor shaft of SM2 and ωm2 is the angular speed of the
rotor. The increase in the speed of the rotor of SM2 will produce the same effect as
in SM1, i.e., the phase of voltage e2 advances. This results in the reduction of the
phase difference between e1 and e2. The power transferred from e1 to e2 is restored
to its initial value and the system achieves the steady state again.
The synchronism of a power system is maintained by the transfer of the transient
power. This transfer of transient power is the basis of VSMs. Vector control and
power-angle control do not use this method for synchronism instead a PLL is used
to synchronize with the grid. The power control loop in VSM is based on the
same concept as described above. The power is controlled by the phase difference δ
between the grid and the converter voltage. The power controller not only controls
active power but also synchronizes the converter with the grid. The mechanical
dynamics of a SM are implemented in this controller.
3 Control Schemes for VSCs
In this section, the most commonly used control methods for grid converters are
discussed. Each scheme will be discussed in detail including the working principle,
control structure, advantages and disadvantages. The main focus will be on studying
and analyzing the performance of each scheme under weak-grid conditions. At the
end, two novel modifications in the vector control scheme are also suggested which
improve the performance under weak-grid conditions.
3.1 Standard Vector Control
Vector control is a popular and widely used control method for grid converters [7,19].
After becoming a popular control method for AC motors, vector control was also
used to control VSCs [20]. The grid model is analogous to the AC motor model
which makes the vector control a viable option. In Fig. 3.1, a simplified circuit
diagram of a VSC connected to a grid is shown, where usc is the converter voltage,
usg is the PCC voltage, Lc is the filter inductance, Lg is the grid inductance and esg
is the grid voltage. The resistance of the filter and the grid are small as compared to
their inductances, so they are neglected in most of the following calculations unless
specified otherwise.
Vector control consists of a fast inner current control loop and outer loops. The
inner loop is used to control the current based on the current reference generated by
the outer loops. The outer loops consist of a DC-link voltage controller and an AC-
voltage controller. The choice of outer-loop controllers is application specific. For
example, the DC-link controller is used when the converter is required to regulate
the voltage of the DC bus. Active power and DC-link voltage cannot be controlled
simultaneously by the same converter. Similarly, reactive power and AC voltage
cannot be controlled at the same time. Usually, a reactive-power controller is used
with strong grids and an AC-voltage controller is used with weak grids. The reason
is that the PCC voltage in weak grids is not constant [14] and needs to be regulated.
It is a function of current ic.
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Figure 3.1: Circuit diagram of a grid connected converter.
Vector control technique is based on using a synchronized reference frame revolving
at the same frequency as the grid voltage. The advantage of using a synchronous
frame is that all the vectors appear static. In vector control, the d-axis of the dq
frame is aligned to the PCC voltage. This provides decoupling between the active
and reactive power. The voltage equation of the circuit in Fig. 3.1 can be written
in synchronous coordinates as
− uc + Lcdic
dt
+ jωgLcic + ug = 0 (3.1)
The above vectors can be written in the component form as
ic = icd + jicq, uc = ucd + jucq, ug = ugd + jugq (3.2)
The active power is given by
P =
3
2
Re {ugi∗c} =
3
2
(ugdicd + ugqicq) (3.3)
and the reactive power is given by
Q =
3
2
Im {ugi∗c} =
3
2
(ugqicd − ugdicq) (3.4)
Since the d-axis is aligned to the PCC voltage, the active and reactive power become
P =
3
2
ugicd Q = −3
2
ugicq (3.5)
From the above equations, it is visible that the active and reactive power can be
controlled separately. The d component of the current controls the active power
whereas the q component of the current controls the reactive power.
The vectors in two coordinate systems are shown in Fig. 3.2. The block diagram of
vector control is shown in Fig. 3.3. The current reference ic,ref is calculated based
on (3.5). The inner current controller is a fast proportional-integral (PI) controller
12
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Figure 3.2: Stationary and synchronous coordinates.
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Figure 3.3: Block diagram of standard vector control.
which realizes the current reference generated by the outer-loop controllers. The
design parameters of these controllers will be discussed in Section 4.
3.1.1 Phase-Locked Loop
In order to synchronize the converter with the grid, a PLL is used [21]. It tracks the
phase angle of the PCC voltage and synchronizes the converter based on this angle.
The phase angle cannot be used directly as it is noisy. The PLL reduces the noise
above its bandwidth and uses a PI controller to eliminate the steady state error.
A PI controller is used whose input is ugq which is treated as an error signal and is
driven to 0. The output of the PI controller is the estimated grid frequency. This
13
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Figure 3.4: Vector diagram.
frequency is further integrated to get an estimated PCC voltage phase angle.
When the vector control scheme is used to control the converter connected to a weak
grid, the resulting system may become unstable or poorly damped [22]. The PCC
voltage in weak grids is not stiff [23]. It varies with the variations in the converter
current. A fast PLL response makes the system very sensitive to the changes in the
PCC voltage. The operation of a VSC in weak grids is analyzed in more details in
the following sections.
3.1.2 Weak Grid and Vector Control Limitations
The vector control scheme shows fast dynamic response when used to control a
converter connected to a strong grid. However, it is still a challenge to connect the
converter to a very weak grid (SCR < 2) [3,4,11,15,17,18,22]. The grid inductance
in weak grids is large as compared to the filter inductance. Due to this reason, PCC
voltage ug varies with the variations in the converter current ic
A vector-controlled grid converter cannot transfer 1 p.u. of active power in weak
grids due to the PCC voltage collapse. The magnitude of the PCC voltage depends
on the magnitude of the converter current. The magnitude of the converter current
depends on the power reference. In Fig. 3.4, two vector diagrams are shown to
illustrates the operation of a vector-controlled converter connected to a weak grid.
The q component of current is assumed to be zero. Two operating points are chosen
to show the dependency of the PCC voltage on the converter current. It can be
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clearly seen that for high load current (1 p.u.), the PCC voltage has reduced as
compared to low load current (0.5 p.u.). Although the phase angle between the
converter and the grid voltage increases with the power reference, the active power
cannot be increased beyond 0.6 p.u. for SCR =1. In order to transfer 1 p.u. of active
power, the reactive power should be supplied to the grid. An AC-voltage controller
is needed to regulate the PCC voltage to 1 p.u. This is posible by the transfer of
reactive power. In theory, it might be possible to regulate the PCC voltage to 1 p.u.
to transfer 1 p.u. of active power but in reality the converter current ratings should
also be considered [22]
There are multiple sources of problems for the instability of vector-controlled con-
verter connected to a weak grid. Some of them are: 1) outer-loop controllers 2) fast
PLL response (High PLL bandwidth)
In order to transfer 1 p.u. of power between a converter and a weak grid while
maintaining stability, many new converter control schemes have been introduced in
the literature [10–12, 17, 18, 24]. Some of the schemes are discussed in the following
sections.
3.2 PCC Voltage Measurement
Before discussing in detail about the different schemes used for weak grids, the
problem of measuring the PCC voltage ug should be addressed. In weak grids, the
filter impedance is smaller than the grid impedance. As a result, the PCC voltage
contains the PWM ripple of the converter voltage.
The measured PCC voltage is used by the PLL and the AC-voltage controller. The
control system cannot work properly with the PWM ripple of the converter in the
PCC voltage. In order to obtain the fundamental component of the PCC voltage,
an analog Low-pass filter (LPF) is used.
The drawback of using the LPF is that it introduces gain and phase errors in the
filtered output. The gain and phase errors can be calculated. The bandwidth of the
low-pass filter is represented by ωc. The transfer function of a first-order LPF can
be written in Laplace domain as
Hlp(s) =
ωc
s+ ωc
(3.6)
In frequency domain
Hlp(jωg) =
ωc
jωg + ωc
(3.7)
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Figure 3.5: Actual vs filtered PCC voltage.
The gain and phase of the LPF as the function of the input frequency are
|Hlp(jωg)| =
√
ω2c
ω2g + ω
2
c
; ∠Hlp(jωg) = − arctan
(
ωg
ωc
)
(3.8)
The above expressions for gain and phase of the LPF shows that the LPF introduces
errors in the gain and phase of the input. The error in the phase and gain of the
filtered PCC voltage can be compensated for in the control system. In this thesis,
ωc is selected to be equal to the nominal angular frequency ωN.
3.3 Power-Synchronization Control
The power-synchronization control (PSC) is a converter control scheme invented
to solve the problem of connecting a converter to a very weak grid. It was first
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introduced in [11, 13]. PSC works on the principle of transient power transfer in
synchronous machines as discussed in Section 2.4.3. PSC falls under the category of
voltage-controlled VSM discussed in Section 2.4.1 which means that there is no inner
current controller. PSC does not need the PLL under normal operation. Therefore,
the performance and stability issues due to the PLL in weak grids are eliminated.
Another difference between vector control and PSC is that the converter voltage
magnitude is kept constant in PSC. The active power is controlled by adjusting the
phase angle of the converter voltage. Conversely, in vector control, the converter
voltage varies in order to regulate the converter current to a reference value calcu-
lated from the active and reactive power references. The performance of PSC does
not depend on the PCC voltage. The PSC-controlled converter can transfer 1 p.u.
of active power without regulating the PCC voltage magnitude to 1 p.u. Though,
the PCC voltage magnitude can still be regulated by adjusting the converter voltage
magnitude. PSC works for a wide range of SCR without the need of re-tuning any
controller.
3.3.1 Control Principle of PSC
The control law of PSC is based on the transfer of transient power like in synchronous
machines. This transient power is used to maintain synchronism with the grid. The
active power is transferred by adjusting the phase angle of the converter voltage
dδ
dt
= Kp(Pref − P ) (3.9)
where δ is the phase difference between the converter and the grid voltage, Pref is the
reference value of the active power which can be adjusted manually or through an
outer-loop DC-link voltage controller. The value of δ changes corresponding to the
change in the reference power. Kp is the integral gain of the active-power controller.
The active power P at the converter terminals is calculated as
P =
3
2
Re {uci∗c} (3.10)
In PSC, the d-axis of the dq reference frame is aligned to the converter voltage
P =
3
2
ucicd (3.11)
The converter voltage in PSC can be selected as
usc,ref = ue
jθ (3.12)
θ = ωNt+ δ (3.13)
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Figure 3.6: PSC control law.
where θ is the phase angle of the converter voltage, ωN is the nominal angular
frequency and u is the converter voltage magnitude normally selected to be 1 p.u. or
controlled by an outer-loop AC-voltage controller or a reactive-power controller. The
converter voltage magnitude can also be controlled in such a way that it emulates
the droop characteristic of the exciter of a synchronous machine.
3.3.2 Active Damping
The converter voltage reference in (3.12) cannot be used directly because it results
in a poorly damped system. The solution is to use the concept of active damping
[11, 25]. An active damping resistance is a virtual resistance implemented in the
control system, used to damp the oscillations in the current and power. A high-pass
filtered converter current with the gain R is subtracted from the converter voltage
magnitude. The converter reference voltage becomes
uc,ref = u−R ·Hhpic (3.14)
where R is the active damping resistance and Hhp is the high-pass filter
uc,ref = u−R s
s+ ωb
ic (3.15)
The filter bandwidth ωb should be selected smaller than ωN, i.e., 0.2ωN or 0.2 p.u.
and R is also selected to have similar value, i.e., 0.2 p.u. [26]
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Figure 3.7: PSC with AC voltage controller.
Fig. 3.6 shows the block diagram of PSC control law, where ωPLL is the signal
coming from the PLL which is used to synchronize the converter to the grid for
the first time. The PLL for PSC is discussed in more detail in Section 4.2.2. The
over-all block diagram of PSC augmented with other necessary blocks is shown in
Fig. 3.7
Fig. 3.8 shows the vector diagram of PSC-controlled converter drawn for two differ-
ent operating points for weak grids. The AC-voltage controller is not used in this
example case. The magnitude and angle of the vectors are determined from the
steady state equations. The power-angle equation can be written as
P =
uceg sin δ
ωg(Lc + Lg)
(3.16)
For SCR = 1 and uc = eg = 1 p.u. , P = sin δ
where δ ranges from 0◦ to 90◦. The maximum theoretical power that can flow for
SCR = 1 is 1 p.u at δ = 90. The vector diagram is plotted for two cases, i.e., P =
0.5 p.u. and P = 1 p.u. The angle δ is 30◦ and 90◦ respectively. From the circuit
in Fig. 3.1
ic =
−j · uc + j · eg∠− δ
ωg(Lc + Lg)
; ug = uc − jωgLcic (3.17)
From the vector diagrams (cf. Fig. 3.8), it can be interpreted that the amount
of power flow in PSC-controlled converter is independent of the PCC voltage mag-
nitude. Although, the PCC voltage magnitude drops with the increase in power
flow.
19
eg
uc
Low load current
P = 0.5 p.u.
High load current
P = 1 p.u.
ic
jωgLgic
jωgLcicug
1 p.u.
q
d
eg
uc
ic
jωgLgic
jωgLcic
ug
1 p.u.
q
d
δδ
Figure 3.8: Vector diagram.
3.4 Vector Control with an Outer-loop Power Controller
Various control methods have already been introduced in the literature in order to
improve the performance of the vector control scheme under weak-grid conditions
[24,27,28]. Re-tuning of the PLL and outer-loop controllers are the typical solutions.
It is a well known fact that an AC-voltage controller and a low PLL bandwidth is
needed in weak-grid conditions in order to transfer 1 p.u. of the power [24]. There
is strong coupling between the active and the reactive power in weak-grid conditions
due to the PCC voltage dependency on the converter current. Also, the AC-voltage
controller interfere with the performance of the PLL through the PCC voltage.
Reduced PLL bandwidth allows the PLL output to be less sensitive to the changes
in the PCC voltage. Otherwise, a fast PLL response affects the performance and
quality of the transferred power and the system becomes poorly damped.
Another possible solution is to use an outer-loop active-power controller. The com-
plete block diagram is shown in Fig. 3.9. An integral controller is used as the power
controller. Here P is the measured power at the PCC. The AC-voltage controller
interfere with the active-power regulation. Intuitively, the power controller should
have smaller bandwidth as compared to the AC-voltage controller. As a result, it is
easy for the PLL to track the PCC voltage angle without any need of reducing the
PLL bandwidth. It is important to note that the same effect cannot be achieved
by reducing the bandwidth of both the channels of the current controller. The
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Figure 3.9: Vector control with an Outer-loop power controller.
closed-loop AC-voltage dynamics should be faster than the power-loop dynamics.
One disadvantage of using this scheme is that the dynamic response of the system
becomes slow also for strong grids. To make the dynamic response fast for strong
grids, the power controller should be re-tuned. Re-tuning is not a feasible solution
as it requires information of the grid impedance.
This implementation is a little different from the standard vector control scheme in
a way that the current reference is not generated based on (3.5). The real compo-
nent of the current reference is provided by the power controller and the imaginary
component of the current reference is provided by the AC-voltage controller. These
two components are combined together to establish a current reference for the inner
current controller.
3.5 Modified Vector Control for Weak Grids
Two novel modified vector control schemes are being proposed in this section. The
schemes are robust to the changes in the grid impedance. The schemes are discussed
as follows
3.5.1 Scheme 1
In this scheme, the power reference (or the reference for the active-power-producing
current component) is modified by feeding back the filtered converter-voltage ref-
erence or the measured converter voltage. One way to implement the modification
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is to subtract the high-pass filtered converter reference-voltage magnitude from the
power reference. Also, the PLL bandwidth is needed to be reduced. Fig. 3.10
shows an example implementation of scheme 1, where the high-pass filtered con-
verter reference-voltage magnitude is subtracted from the power reference. The
modified power reference P ′ref is
P
′
ref = Pref −H(s)|uc,ref | (3.18)
where the high-pass filter H(s) is
H(s) =
Khs
s+ αh
(3.19)
The gain of the filter is Kh and the bandwidth is αh. The high-pass filter damps
the oscillations in the power flow.
The modification can also be implemented in an alternative way. Modify the power-
producing current reference icd,ref instead of the power reference Pref . In this case,
the implementation can be seen as a modified current controller.
The scheme does not require the estimation of the grid impedance. Furthermore,
the tuning of the control parameters is independent of the grid strength.
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3.5.2 Scheme 2
In this scheme, the active-power reference (or the reference for the active-power-
producing current component) and the reactive-power reference (or the reference for
the reactive-power-producing current component) are modified. The modification
is implemented to damp the cross-coupling terms between the active and reactive
power. The cross coupling appears in weak grids due to the inaccurate grid-voltage
angle estimation by the PLL during transients or a fast PLL response to PCC voltage
disturbances. The cross-coupling terms can be found from the small signal analysis
P =
3
2
Re {ugi∗c} =
3
2
(ugdicd + ugqicq) (3.20)
Q =
3
2
Im {ugi∗c} =
3
2
(ugqicd − ugdicq) (3.21)
The linearized equation with perturbed variables can be written as
∆P =
3
2
(ugd0∆icd + ∆ugdicd0 + ∆ugqicq0) (3.22)
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∆Q =
3
2
(−ugd0∆icq −∆ugdicq0 + ∆ugqicd0) (3.23)
The last two terms in the linearized equations are appearing due to the error in the
grid-voltage phase estimation.
High-pass filtered grid voltage components should be subtracted from the active
and reactive power references based on the above analysis. It is found that using
the converter-voltage reference (or the measured converter voltage) instead of the
measured grid voltage is more effective in damping the oscillations in power. Fig.
3.11 shows an example implementation of scheme 2. The active and reactive power
references can be chosen as
P
′
ref = Pref −H(s)ucd,ref −H(s)ucq,ref (3.24)
Q
′
ref = Qref −H(s)ucq,ref (3.25)
where the high-pass filter H(s) is
H(s) =
Khs
s+ αh
(3.26)
The filtered real component of the converter-voltage reference is not subtracted
from the reactive-power reference. The reason is that the response of the system
does not change. The modification can also be implemented in an alternative way.
The filtered converter-voltage reference components can be directly subtracted from
the reference real and imaginary current components. So this modification can be
implemented in the current controller.
4 Parameters Selection of the Controllers
In this section, the parameters selection of the controllers is discussed. The choice of
controllers is based on the requirement that the control schemes resemble as closely
as possible. In this way, the comparison of these schemes becomes easier and reliable.
The common controllers are discussed only once.
4.1 Vector Current Controller
Current controller is an important part of the vector control scheme. A basic PI con-
troller is commonly used as a current controller. The current controller should have
a fast transient response and good enough damping characteristics. The differential
equation in synchronous coordinates can be written as
Lc
dic
dt
+ jωgLcic = uc − ug (4.1)
The transfer function of the plant to be controlled can be written as
ic(s)
uc(s)
= Yg(s) =
1
(s+ jωg)Lc
(4.2)
The PCC voltage ug can be seen as a load disturbance. The term jωgLcic causes
cross coupling between the d and q axis.
Lc
dicd
dt
= ucd − ugd + ωgLcicq (4.3)
Lc
dicq
dt
= ucq − ugq − ωgLcicd (4.4)
In order to remove the effect of cross-coupling in the closed-loop system, the term
jωgLcic is added to the controller output. The active damping resistance r is also
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included in the controller to improve the disturbance rejection capability. The re-
sulting plant model as seen from the PI controller can be written as
Y ′g(s) =
1
sLc + r
(4.5)
The bandwidth of Y ′g(s) can be selected to be αc. This gives the selection of r to be
r = αcLc (4.6)
In order to find the proportional and integral gains kpi and kii respectively, the
internal model control principle can be used [29]. Equating the closed-loop transfer
function with the desired one gives
G(s) =
K(s)Y ′g(s)
1 +K(s)Y ′g(s)
=
αc
s+ αc
(4.7)
where K(s) is the transfer function of the PI controller and αc is the desired band-
width of the closed-loop system.
kpi = αcLc kii = αcr = α
2
cLc (4.8)
The bandwidth αc should be at least one decade smaller than the sampling frequency.
The maximum converter output voltage uc is limited. The maximum limit is decided
by the DC-link voltage udc. The reference voltage uc,ref may exceed the maximum
realizable voltage. This can result in the overflow of the integration memory. An
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anti-windup scheme is used to avoid the overflow of the memory. The controller
block diagram with an anti-windup is shown in Fig. 4.1
4.2 PSC
The tuning and parameter selection of the controllers used in PSC are discussed
here.
4.2.1 Active-Power Controller
The active-power controller (APC) shown in Fig. 4.2 is used in PSC to serve two
purposes. 1) It is used to regulate the active power transferred from the converter
to the grid or vice-versa ; 2) it keeps the converter synchronized with the grid. The
output of an APC is the change in the phase angle between the converter and the
grid voltage. The input is the error between the reference power and the measured
power. A simple integral controller is used to regulate the power. The gain of the
controller Kp is selected as:
Kp =
2ωNR
3u2
(4.9)
The above selection criteria comes from the gain margin of the open loop transfer
function from Pref to P [25]. The above selection criteria depends upon the converter
voltage magnitude. This kind of technique is used for the control of non-linear
systems using linear controllers. This technique is called gain scheduling.
The nominal angular frequency ωN is added to the angular frequency increment ∆ω.
The output from the PLL is also added to the input of the integrator. The output
of APC is kept between pi and -pi to avoid numerical overflow of the integrator.
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4.2.2 Phase-Locked Loop
Fig. 4.3 shows the PLL used by PSC to synchronize the converter to the grid before
the converter starts its operation. Once the converter is synchronized with the grid,
the PLL is no longer needed. PLL is usually very fast at tracking the grid voltage
angle and there is almost no need to wait for the system to be synchronized. The
PLL is removed from the system before PSC starts its operation. Synchronization
is maintained by PSC through APC. The gain kPLL is selected by trial and error.
The PLL used by PSC works on the same principle as the one discussed for vector
control.
4.3 Common Controllers
4.3.1 DC-link Controller
An outer-loop DC-link controller is often used with a VSC to maintain the DC-link
voltage to a set value. DC-link voltage control can be classified as a regulation
problem. A DC-link consists of a capacitor. The dynamics of the DC-link can be
expressed in terms of the amount of energy Wd stored in the DC-link capacitor as
sWdc = Pdc − P (4.10)
where Pdc is the DC-source power which acts like a disturbance in DC-link control
and P is the output power of the converter. The converter is assumed to be lossless.
The DC-link energy is related to the DC-link voltage and DC-link capacitor as
Wdc =
1
2
Cdcu
2
dc (4.11)
The block diagram of the DC-link control is shown in Fig. 4.4. The DC-link control
law can be defined as
Pref = kdc(Wdc −Wdc,ref) + Pdc,ff (4.12)
28
Wdc
Wdc,ref Pdc,ff
Pref
kdc
1
s
Pdc
P
DC-bus model
Figure 4.4: DC-link control.
∆Wdc ∆Pref
kdc
1
s
∆Pdc PSC or
Vector Control
∆P
Figure 4.5: Closed-loop system.
where kdc is the proportional gain of the DC-link controller, Pdc,ff is the low-pass
filtered DC-source power Pdc used as a feed-forward. The reference DC-link energy
can be calculated from the reference DC-link voltage as
Wdc,ref =
1
2
Cdcu
2
dc,ref (4.13)
A total closed-loop system with perturbation quantities is shown in Fig. 4.5. PSC
or vector control can be assumed to be faster than the DC-link control loop, i.e.,
∆Pref = ∆P can be assumed. The closed-loop transfer function becomes
Gdc(s) =
kdc
s+ kdc
(4.14)
where kdc is the bandwidth of the closed-loop DC-link control. The response of the
closed-loop DC-link control is desired to be in the range of tens of milliseconds. This
gives the closed-loop bandwidth kdc of 0.1 to 0.2 p.u. The assumption ∆Pref = ∆P
does not hold in the case of vector control with an outer-loop power controller (cf.
Fig. 3.9) due to the small bandwidth of the active-power controller. In this case,
the gain kdc should be reduced.
4.3.2 AC-Voltage Controller
As already discussed in Section 3.1, an AC-voltage controller is needed in weak
grids to maintain the PCC voltage at 1 p.u. A PI controller is used as an AC-
voltage controller. The output of the AC-voltage controller is used to feed different
signals in different schemes. In PSC, the output of the AC-voltage controller is used
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as the converter voltage magnitude u. In vector control, the output of the AC-
voltage controller can be used as a reactive power reference Qref or a reactive power
producing current component reference icq,ref . The parameters of the controller are
chosen using trial and error method.
5 Simulation Results
The simulation results of the control schemes discussed in Section 3 are presented
in this section. The control schemes are tested for both strong grid (SCR = 5) and
weak grid (SCR = 1) conditions. The parameters of the system are given in Table
5.1.
Table 5.1: System Parameters
Parameter Actual value Normalized value
Rated apparent power Sac 12.5 kVA 1 p.u.
Rated voltage
√
2/3· 400 V 1 p.u.
Rated current
√
2· 18.3 A 1 p.u.
Base impedance 12.6 Ω 1 p.u.
Filter inductance Lc 8 mH 0.2 p.u.
DC-link voltage udc 650V 2 p.u.
DC-link capacitor Cdc 2.1 mF 8.3 p.u.
Nominal frequency fN 50 Hz 1 p.u.
Switching frequency fsw 4kHz 80 p.u.
Time domain simulations are used to compare the performance of all the control
schemes discussed previously. Two modes of operation are tested in the simulations,
i.e., active-power control mode and DC-link voltage control mode. Active-power
steps Pref steps are provided manually in the active-power control mode, assuming
the DC-link voltage to be constant. DC-link voltage control mode is tested against
the step changes in DC-source power Pdc. The control parameters of each scheme
are listed in their respective sections. Although the AC-voltage controller can be
omitted from PSC, it is used in each scheme under weak-grid conditions in order
to reach the same operating point and make the comparison fair. The AC-voltage
controller is turned off for strong grids. The simulation results are presented in the
dq synchronous frame whose d-axis is aligned to the PCC voltage ug.
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5.1 Standard Vector Control
The state-of-the-art standard vector control scheme is tested for strong and weak-
grid conditions using simulations. The simulation results correspond to the control
structure shown in Fig. 3.3. The parameters of the scheme are listed in Table 5.2.
Fig. 5.1 shows the step response of standard vector control for strong grids. As
discussed in Section 3.1, the response of standard vector control is very fast and it
follows the reference power very well under strong-grid conditions. The dotted red
line in the voltage plot shows the linear range of the modulator which is udc/
√
3. It
can be seen that the modulator saturates during the transients where the converter
voltage magnitude uc crosses udc/
√
3 as discussed in Section 3.3
Table 5.2: Standard Vector Control Parameters
Parameter Actual value Normalized value
Current controller bandwidth αc 1256 rad/s 4 p.u.
PLL Bandwidth 125 rad/s 1 p.u.
DC-link controller gain kdc 56 rad/s 0.18
AC-voltage controller integral gain 6000 A/s -
AC-voltage controller proportional gain 8 A -
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Figure 5.1: Step response of standard vector control for the strong grid.
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Figure 5.2: Step response of standard vector control with the cascaded DC-link
control for the strong grid.
Fig. 5.2 shows the step response of standard vector control with the cascaded
DC-link controller for the strong grid. The scheme seems to work very well at
maintaining the DC-link voltage against the DC power flow variations, which acts
as a disturbance.
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Figure 5.3: Step response of standard vector control for the weak grid.
Fig. 5.3 shows the response of standard vector control for the weak grid. The
control scheme is unable to follow the power reference Pref . The magnitude of the
PCC voltage reduces with the increase in converter current. The power flow is
limited to approximately 0.6 p.u. The results are corresponding to the analysis
done in Section 3.1.2 based on vector diagrams.
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Figure 5.4: Step response of standard vector control with cascaded DC-link control
for the weak grid.
When the DC-link controller is cascaded with the standard vector control scheme
under weak-grid conditions, the resulting system becomes unstable as shown in Fig.
5.4. The DC-link controller is unable to maintain the DC-link voltage at 2 p.u. The
reason is that the standard vector control scheme is unable to transfer more than
0.6 p.u. of the power. When the DC power Pdc is higher than the converter output
power P , the surplus energy starts accumulating in the capacitor Cdc. As a result
at 0.75 s instant, the DC-link voltage keeps increasing boundlessly.
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Figure 5.5: Step response of standard vector control with the cascaded AC-voltage
controller for the weak grid, PLL bandwidth = 2pi·20 rad/s.
In order to deal with the PCC voltage collapse in weak-grid conditions, the standard
vector control can be augmented with an AC-voltage controller. The results are
presented in Fig. 5.5. Although the scheme is able to transfer 1 p.u. of the power,
the response becomes poorly damped due to the fast PLL response as discussed in
Section 3.4.
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Figure 5.6: Step response of standard vector control with cascaded AC-voltage con-
trol for the weak grid, PLL bandwidth = 2pi·5 rad/s.
If we reduce the PLL bandwidth, the oscillations can be reduced as shown in Fig.
5.6. On the downside, it takes more time now to reach the steady state due to the
slow-tracking PLL and low frequency oscillations are present. This proves that the
PLL has an affect on the performance of VSCs connected to weak grids.
38
5.2 Vector Control with an Outer-loop Power Controller
This section presents the simulation results of the vector control scheme with an
outer-loop power controller (cf. Fig. 3.9). The parameters of the control scheme are
listed in Table 5.3. Figs. 5.7 and 5.8 show the simulation results of the active-power
control and DC-link voltage control, respectively. The controllers are tuned for the
worst case scenario (weak grid). The response can be made faster for strong grids
with the re-tuning of the controllers but it is not preferable to re-tune the controllers
based on the changing SCR.
Table 5.3: Parameters of Vector Control with an Outer-loop Power Controller
Parameter Actual value Normalized value
Current controller bandwidth αc 1256 rad/s 4 p.u.
PLL Bandwidth 125 rad/s 0.4 p.u.
DC-link controller gain kdc 25 rad/s 0.08
AC-voltage controller integral gain 25 A/(V.s) -
AC-voltage controller proportional gain 1 A/V -
Power controller integral gain 0.15/V -
39
Figure 5.7: Step response of vector control with an outer-loop power controller for
the strong grid.
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Figure 5.8: Step response of vector control with an outer-loop power controller and
the cascaded DC-link controller for the strong grid.
The regulation of the DC-link voltage is slow due to the small bandwidth of the
active-power controller. The deviation in the DC-link voltage from the reference
value during the transients is bigger than in the standard vector control scheme (cf.
Fig. 5.2).
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Figure 5.9: Step response of vector control with an outer-loop power controller for
the weak grid.
The response for weak-grid conditions is shown in Fig. 5.9. The quality of the power
has improved greatly. The oscillations in the power are very less as compared to the
response of the standard vector control (cf. Fig. 5.6).
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Figure 5.10: Step response of vector control with an outer-loop power controller and
the cascaded DC-link control for the weak grid.
Fig. 5.10 shows the simulation results of the scheme with the cascaded DC-link
controller for the weak grid. Although the system is stable and the DC-link controller
is able to regulate the DC-link voltage, the response is very slow. Besides this, the
AC voltage profile is also distorted and the modulator is going into the saturation
region.
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5.3 Modified Vector Control: Scheme 1
The modified vector control scheme discussed in Section 3.5.1 is also tested with the
simulations. Table 5.4 presents the parameters of the control scheme. The working
of the modified vector control is tested for strong-grid conditions and the results are
presented in Figs. 5.11 and 5.12. The modified vector control works almost as good
as the standard vector control scheme for strong-grid conditions (cf. Figs. 5.1 and
5.2).
Table 5.4: Modified Vector Control Parameters
Parameter Actual value Normalized value
Current controller bandwidth αc 1256 rad/s 4 p.u.
PLL Bandwidth 31 rad/s 0.1 p.u.
High-pass filter bandwidth αh 31 rad/s 0.1 p.u.
High-pass filter gain Kh 25.88 -
AC-voltage controller integral gain 6000 A/s -
AC-voltage controller proportional gain 80 A -
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Figure 5.11: Step response of the modified vector control scheme 1 for the strong
grid.
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Figure 5.12: Step response of the modified vector control scheme 1 with the cascaded
DC-link control for the strong grid.
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Figure 5.13: Step response of the modified vector control scheme 1 for the weak
grid.
The step response for the weak grid is shown in Fig. 5.13. The response is clearly
better than the one shown in Fig. 5.6. The scheme provides sufficient damping
and the oscillations from the power are eliminated. The AC-voltage controller is
fast enough to restore the PCC voltage without large oscillations. The modulator
is saturating during transients for a very short duration.
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Figure 5.14: Step response of the modified vector control scheme 1 with the cascaded
DC-link control for the weak grid.
Fig. 5.14 shows the step response with the cascaded DC-link controller for the weak
grid. The scheme shows fast response at regulating the DC-link voltage to 2 p.u.
Some low frequency oscillations are visible in the results which are due to the slow
PLL bandwidth.
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5.4 Modified Vector Control: Scheme 2
The simulation results of the scheme discussed in Section 3.5.2 are presented here.
The parameters of the scheme 2 are same as scheme 1 and are listed in Table 5.4.
The results are presented in Figs. 5.15 and 5.16 for the strong grid. The modified
vector control scheme 2 works almost as good as the standard vector control scheme
for strong-grid conditions (cf. Figs. 5.1 and 5.2). The response is also similar to
scheme 1 for the strong grid.
Figure 5.15: Step response of the modified vector control scheme 2 for the strong
grid.
49
Figure 5.16: Step response of the modified vector control scheme 2 with the cascaded
DC-link control for the strong grid.
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Figure 5.17: Step response of the modified vector control scheme 2 for the weak
grid.
Fig. 5.17 shows the simulation results for the weak grid. The scheme provides good
damping and the oscillations from the power are eliminated. The dynamic response
is faster as compared to that of the scheme 1
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Figure 5.18: Step response of the modified vector control scheme 2 with the cascaded
DC-link control for weak grids
Fig. 5.18 shows the simulation results for weak grids, when the scheme is cascaded
with the DC-link controller. Low frequency oscillations in the PCC voltage are
damped quickly as compared to those in scheme 1 (cf. Fig. 5.14).
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5.5 PSC
The simulation results of the PSC scheme (cf. Fig. 3.7) are presented in this section.
The control parameters are listed in Table 5.5. The step response of PSC for the
strong grid is shown in Figs. 5.19 and 5.20. It has been identified in the literature
that PSC does not work very well for strong grids as compared to standard vector
control (cf. Fig. 5.1) and modified vector control (cf. Figs. 5.11 and 5.15) [25].
This is visible from the simulation results of PSC. There is a large overshoot and
oscillations in the power flow. Also, there are some oscillations in the DC-link voltage
when the DC-link voltage controller is used. It is also evident from the results that
the modulator does not saturate during transients when PSC is used (cf. Fig. 5.19)
as compared to the case when vector control is used (cf. Fig. 5.1). The reason is
that the converter voltage magnitude is kept constant in PSC as discussed in Section
3.3.
Table 5.5: PSC Control Parameters
Parameter Actual value Normalized value
Active damping resistance Ra 2.2 Ω 0.2 p.u.
High-pass filter bandwidth ωb 31 rad/s 0.1 p.u.
DC-link control gain kdc 56 rad/s 0.18 p.u.
PLL gain kPLL 2 rad/(V.s) 2 p.u.
AC-voltage controller integral gain 0.1 s−1 -
AC-voltage controller proportional gain 50 -
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Figure 5.19: Step response of PSC for the strong grid.
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Figure 5.20: Step response of PSC with cascaded DC-link control for the strong
grid.
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Figure 5.21: Step response of PSC for the weak grid.
Fig. 5.21 shows the power step response of PSC for the weak grid. At 0.6 s instant,
the response seems to have a non-minimum phase behavior which means that the
power is undershooting or decreasing before increasing. Also, there are ripples in
the power flow which are not present when the modified vector control schemes are
used (cf. Figs. 5.13 and 5.17).
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Figure 5.22: Step response of PSC with cascaded DC-link control for the weak grid.
Fig. 5.22 shows the simulation results with the cascaded DC-link controller. The
scheme is able to regulate the DC-link voltage at 2 p.u. with some oscillations.
The scheme is stable under weak-grid conditions unlike the standard vector control
scheme (cf. Fig. 5.4). In comparison to the modified vector control schemes,
the PSC has larger deviations in the DC-link voltage during transients and slower
response. Also, the modulator is saturating which is not the case for the modified
vector control schemes (cf. Figs. 5.14 and 5.18).
6 Conclusion
In this thesis, the performance of converter control schemes is studied with the focus
on weak-grid conditions. Two state-of-the-art control schemes (Vector control and
PSC) are considered as a starting point. An L filter is used to suppress the converter
harmonics. The working and control structure of these schemes have been explained
in detail. A standard vector-controlled converter is unable to transfer its maximum
theoretical power of 1 p.u., when connected to a weak grid. In addition, the power
quality is also compromised. The root causes of the problem have been mentioned in
this thesis and the solutions have been suggested. Two novel modified vector control
schemes have been presented for an improved operation under weak-grid conditions.
Vector diagrams are used to illustrate the steady state operation. Time domain
simulations have been used to compare the performance of the control schemes.
In order to transfer 1 p.u. of power in weak grids, an AC-voltage controller is
necessary. In addition, the bandwidth of the PLL needs to be reduced in order
to make it less sensitive to the changes in the PCC voltage. Vector control is
augmented with an outer-loop power controller. The active-power controller is tuned
to have slow closed-loop dynamics as compared to the AC-voltage control loop. The
response of the vector control scheme improves and the oscillations from the power
are eliminated. The downside of using this scheme is that the response becomes
very slow also for strong grids.
Two novel modified vector control schemes have also been suggested. The first
scheme consists of a high-pass filtered converter voltage reference magnitude feed-
back which is subtracted from the power reference. The resulting system shows fast
response but the low frequency oscillations can be seen in the PCC voltage when
a cascaded DC-link controller is used. The second scheme uses high-pass filtered
real and imaginary components of the converter voltage reference as a feed-back to
modify active and reactive power references. The scheme good damping and fast
dynamic response under all grid strengths and the low frequency oscillations in the
PCC voltage are also damped better.
Finally, the operation of PSC is also tested using simulations and compared with the
modified vector control scheme. PSC shows stable and smooth response for weak
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grids but its performance is compromised for strong grids. The step response for
strong grids shows overshoot and oscillations.
Based on the above findings, it can be concluded that the modified vector control
scheme can be used to control a VSC irrespective of the grid strength. It has a clear
advantage over PSC that it can limit over currents in case of short circuits due to
an inner current controller. Also, the performance of the system is not compromised
when connected to a strong grid.
Future work can include the comparison of these schemes based on the analytical
models. A linearized model can be used to get the better understanding of operation
in weak grids. The proposed modified vector control schemes will be tested with
an LCL filter. Alternative methods of filtering out the PWM ripple from the PCC
voltage measurement can be developed. The schemes will be tested in the lab.
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